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Introduction
It is generally accepted that an essential key to understanding the catalytic activity of silver begins with understanding the interaction of oxygen with silver. This includes, among other things, understanding the mechanism of oxygen activation, oxygen-induced silver reconstruction and the incorporation of oxygen in the silver bulk. An enormous amount of literature has been produced in an attempt to answer these questions. The combined knowledge of model studies made on single crystals under UHV conditions and the testing of industrial catalysts under realistic reaction conditions have provided valuable information about the exceptional ability of silver to activate oxidation for partial-oxidation reactions. In the case of a heterogeneously catalyzed system, the reaction is driven by chemical potential gradients at the phase interfaces. The equilibrium shape and composition of a heterogeneous catalyst is, therefore, a sensitive function of the gas/liquid phase composition. The solid will react with the gas/liquid reactant to form a compound exhibiting a minimum Gibbs energy of formation. The catalyst will also take on a minimum energy configuration (i.e. minimization of the surface energy).
With regards to the formation of a compound exhibiting a minimum Gibbs energy of formation, it is known that silver oxides are inherently unstable. The stoichiometric oxides Ag 2 O and AgO decompose at 503 K and 373 K respectively. Figure 1 shows the calculated equilibrium compositions of silver and both silver oxides as a function of temperature for the case in which 1 kmol O 2 is equilibrated with 1 kmol of silver at 1 bar constant total pressure. The observed experimental conversions of methanol and methane in the formaldehyde synthesis reaction and the methane coupling reaction (vide infra) are also shown for comparison. It is clear that the decomposition temperature of both silver oxides is far lower than the temperatures at which the formaldehyde synthesis and the oxidative coupling of methane occur (T>873 K). It is, therefore, impossible that stoichiometric silver oxides participate in these reactions. Regarding the catalyst morphology, it is important to remember that a crystalline substance such as silver is restricted in the formation of minimum-energy crystal structures. The result is that the silver catalyst undergoes massive morphological restructuring during reaction in order to obtain that structure which is thermodynamically most favorable. This involves forming a crystalline structure for which the surface area of low-indexed terminating crystalline planes is maximized. The published literature until now has taken primarily a surface science approach to understanding the silver-oxygen interaction. This physicochemical approach to understanding heterogeneous catalysis has provided a wealth of knowledge on heterogeneously-catalyzed systems. Heterogeneous catalysis is, however, a rather unique field of research in the sense that it requires the combined knowledge of an exceptionally wide spectrum of disciplines. A knowledge of physical, inorganic and organic chemistry are necessary.
The catalyst engineer must also have a strong understanding of surface-science, material science and chemical engineering skills. It is important, therefore, to view a heterogeneous catalyst not only as a well-defined solid, but rather as a component in the reaction which is governed by the same thermodynamic principles as the gas or liquid phase components undergoing reaction. The reaction system is defined by the reactor itself and includes, therefore, the catalyst. In this sense, the catalyst itself is driven to attain an energy minimum in the same way as the reacting system. A critical difference between reactions occurring in the solid state and the gas/liquid phase is that the kinetics of the solid-state reaction are usually limited by the diffusion kinetics of the reacting components. Solid state reactions are nearly always diffusion limited. Solid-state transformations, therefore, occur on the time scale of hours, days or months. A real catalytic steady state is only obtained after the catalyst has fully reconstructed and has obtained that chemical composition and structure which is in equilibrium with the gas phase. Understanding the interaction of oxygen with silver necessitates a divergence from traditional surface-science of well-defined, static surfaces to a more material-science oriented approach.
The industrial formaldehyde synthesis reaction
The importance of the partial oxidation of methanol to formaldehyde is rooted in the fact that formaldehyde acts as an invaluable feedstock for a broad spectrum of organic synthesis reactions. The products of these reactions end up as adhesive resins for the woodworking industry, curable molding for plastics, paper and textile additives, binders and foamed resins [1] . Hydrocyanic acid reacts with formaldehyde to form glycolonitrile [2] . α-Hydroxymethylated adducts may be formed by the acid-catalyzed reaction of formaldehyde with olefins. Sugars may be produced by reacting formaldehyde with strong alkalis or calcium hydroxide [3] . Formaldehyde also reacts with amines to produce methylamines [4] . These are just a few of the many reactions which use formaldehyde as a feedstock. A number of formaldehyde synthesis processes have been developed over the course of the last 100 years. These are all heterogeneously-catalyzed reactions not very much different from the first recorded synthesis of formaldehyde by Hoffman in 1867 who synthesized formaldehyde by passing methanol over a heated platinum spiral. One of the most important of these processes, the BASF Process, is outlined in greater detail below.
The BASF Process
The silver-catalyzed partial oxidation of methanol to formaldehyde was first employed on an industrial scale by BASF AG in 1905. This process remains largely unchanged and is still in use today. Advances in process design have made yields as high as 91-92 mol% possible. Figure 2 shows a flow chart of the process. A packed-bed reactor is used with a heat exchanger located directly downstream of the reactor for rapid cooling of the extremely unstable gas-phase formaldehyde. The reactor bed consists of a thin layer of electrolytic silver grains 2-3 mm thick sandwiched between silver gauze. The reactant throughput is limited by the diameter of the catalyst bed. The reaction is carried out adiabatically. The overall reaction is believed to consist of two primary reaction pathways. The first is the direct dehydrogenation of methanol to formaldehyde and hydrogen (equation 1). The second is the oxi-dehydrogenation of methanol to formaldehyde in which water is produced as the primary by-product (equation 2).
Dehydrogenation:
The reactor temperature is controlled by varying the CH 3 OH/O 2 ratio as well as the amount of water which is mixed in the feed. Varying the CH 3 OH/O 2 ratio effectively controls the degree to which the direct dehydrogenation or the oxi-dehydrogenation paths take place. In addition, water is an excellent heat conductor and acts to carry away unwanted heat which might lead to the formation of local hotspots and eventual reaction runaway. The question as to whether or not water directly participates in reaction is still hotly debated [5] . The product stream (point a in Fig. 2 ) consists of a mixture of H 2 O, CH 3 OH and CH 2 O. The exact composition is determined to a large extent by the recycle schemes in operation. The first scheme is referred to as the off-gas recycling scheme. Light-components are removed from the overhead of the adsorption column and are fed back into the reactor with the methanol/air mixture (Fig. 2) . The second scheme (dotted line in the lower half of Fig. 2 ) is known as the formaldehyde recycle scheme. Here, a portion of the heavier fraction of the adsorption column is removed and is recycled into the feed. The choice of the recycle scheme depends mostly on the desired composition of the final formaline solution. Formaldehyde is not available in a pure form using the oxidative dehydrogenation synthesis method. Formaldehyde is unstable at room temperature and polymerizes quickly below 373 K. For this reason, it is usually available in an aqueous solution with methanol as a stabilizing agent to prevent polymerization. 40 wt% formaldehyde represents the upper limit for formaldehyde concentrations obtainable with the silver-based technology.
The extent to which Equations (1) and (2) play a role in reaction is determined primarily by the temperature, water content and the CH 3 OH/O 2 ratio. Selectivity to the direct dehydrogenation product, formaldehyde, (Equation 1) increases with increasing temperature and CH 3 OH/O 2 ratio. It is generally accepted that different oxygen species formed on and in silver function as the active species for both of these reactions [6, 7, 8, 9, 10, 11] . It is the different temperature stability of the various oxygen species formed, exhibiting different chemical reactivities, which explains the temperature dependence of selectivity. The oxi-dehydrogenation path dominates at low temperatures and the direct dehydrogenation path at elevated temperatures. The exact nature of the species active under these conditions is, however, widely debated.
Experimental
The catalytic reactions were conducted in tubular quartz reactors (10 mm O.D., 8 mm I.D.) with a 2 cm isothermal zone and a total length of 20 cm. A K-Type thermocouple was attached outside the reactor to the tube wall directly adjacent to the catalyst bed. The high activity of the thermocouple made its location directly in the catalyst bed impossible. Quartz rods were inserted above and below the catalyst bed, which was held in place by quartz-wool plugs, to reduce gas-phase reactions. Electrolytic silver was provided by the BASF AG. Qualitative EDX analysis showed the presence of small amounts of Na, Cl, Si and C contaminants. The catalyst particles used were 0.2-0.4 mm in diameter. . The total flow was kept constant at 265 ml/min and the space velocity was varied by changing the bed height. Linear gas velocity was therefore 8.8cm/s for runs made with the 4mm i.d. reactor and 2.2cm/s for the 8mm i.d. reactor. Pressure drops across the catalyst bed were less than the maximum sensitivity of the pressure gauge of 0.1bar. The ratio (ml/min CH 3 OH)/(ml/min O 2 ) of 2.5 is slightly higher than 2.0 which is that used in the industrial process. The methanol-rich conditions were used to minimize local heating effects due to the high exothermicity of the complete oxidation reaction which is known to be favored at higher oxygen partial pressures. Complete conversion of oxygen occurs for restructured samples having undergone reaction at temperatures higher than 873K. This makes the determination of the intrinsic reaction rate on a per active site basis impossible. For this reason, all data is shown as %conver-sion. Analysis of the products was made by on-line gas chromatography. A mol-sieve (5A) (Supelco) and a carboxen (Supelco) column were used for separation of both high and low boiling point compounds. Quantitative analysis of all compounds except water was possible with this setup. Heating rates of 0.5 K/min and 1K/min combined with a sampling time of 30 min results in a temperature resolution of 15K and 30K respectively. It is assumed that the values obtained for these extremely slow heating rates are representative of the steady-state values. This is confirmed by the fact that the activation energies and conversions calculated using the different heating rates (1K/min) and (0.5K/min) are identical within an acceptable margin of error.
Formaldehyde Synthesis

Oxidative Coupling of Methane
Usually undiluted Ag was used. In a few experiments, SiO 2 was mixed with the silver sample in order to reduce sintering effects and the formation of hot spots. These mixtures contained equivalent weights of Ag and SiO 2 . SiO 2 was purchased from Aldrich (99.999%) and consists primarily of the cristobalite phase. Blank runs showed this material to be catalytically inactive. Helium (5.0) was further purified with an Oxisorb filter and was used as a carrier gas for all runs. Oxygen (5.0) and methane (3.5) were purchased from Linde and were used without further purification. The space velocity was 10,480 hr -1 for the Ag sample mixed with SiO 2 and the linear-gas velocity was 0.045 m/s. No measurable pressure drop was found. The reactor used here was only operated under differential conditions (methanol conversion < 5%). It is impossible to assign these values on a per active site basis as catalyst facetting and sintering leads to large changes in the active surface area during the reaction. Reaction rates and conversions are, therefore, normalized to the catalyst weight. Reaction products were measured by on-line GC analysis with a Varian 3400 series gas chromatograph with thermal conductivity detector. The components were separated with a Carboxen 1000, carbon molecular seive column. All components except water could be quantitatively measured with this set-up. The following definitions are used throughout:
Thermal Desorption Spectroscopy TDS measurements were made in an UHV chamber with an average background pressure of 3x10 -8 mbar (background gas is primarily H 2 O). Monitoring of desorption products was made with a Hiden (Hal2) quadrupole mass spectrometer coupled to a NEXT workstation. A sampling rate of 1s was standard. A water-cooled, infra-red oven was used for sample heating. The thermocouple (Type K) was placed immediately below the sample and was in direct contact with the quartz holding tube. Linear heating rates from room temperature to 1000 K were possible with this setup. A heating rate of 1 K/s was used for all TDS runs. A special pretreatment procedure was used in order to minimize the amount of carbon present in the sample. This consisted of treating the sample in flowing O 2 (17ml/min) at 973 K, transferring to the UHV through air and subsequently performing numerous oxidation-reduction cycles for about one week before a sufficiently clean sample was obtained. It was impossible to completely remove all the carbon present in the sample. Oxygen dosing pressures for the temperatureprogrammed desorption experiments ranged from .01-300 mbar. Two dosing temperatures of 573 K, and 973 K were used. All exposures were made for 5 minutes. Longer exposure times did not show an increased oxygen uptake for samples treated in excess of 573 K indicating rapid equilibration of the silver and gas atmosphere. One gram of silver was used for all runs. The oxygen pretreatment temperatures are equal to or exceed the thermal desorption temperature of surface-bound atomic oxygen (O α , T des =573 K). This fact and the very low surface area (<0.001m 2 /g) of unsupported silver samples with a low sticking coefficient means that surface-bound atomic oxygen, O α , cannot be observed for these runs. The sample was evacuated during rapid quenching to room temperature, and for 5 minutes prior to taking each TD spectrum. The high dosing pressures were chosen with the intention of approaching, as closely as possible, the actual reaction conditions used in the methanol oxidation reaction and the oxidative coupling of methane to C 2 hydrocarbons (1-10% O 2 , total pressure=1bar).
The Physicochemical Characterization of an Industrial Electrolytic Silver Catalyst for Formaldehyde Synthesis and Oxidative Coupling of Methane
The results presented in the subsequent sections show correlations between variations of the catalyst composition (oxygen content) and morphology with catalytic activity and selectivity. Compositional variations occur insomuch as oxygen is incorporated into the silver catalyst. Morphological changes manifest themselves in large-scale recrystallization, faceting and sintering. It will be shown that the catalyst is truly in a dynamic state of change during reaction. The composition and morphology are strong functions of the gas composition and reaction temperature. Furthermore, it is shown that thermodynamic arguments fail, under certain circumstances, to explain the observed phenomena. It is the intricate play between thermodynamic and kinetic control which determines the active state of the silver catalyst
The silver-oxygen interaction The identification and mechanism of formation of surfacebound O α oxygen species is well understood [6] [7] [8] [9] [10] [11] . A number of authors have suggested the presence of sub-surface O β oxygen in silver [6, [8] [9] [10] 12, 13] . Far less information is available, however, about the nature of this sub-surface oxygen and its mechanism of diffusion. A combination of scanning electron microscopy (SEM) and temperatureprogrammed desorption spectroscopy (TDS) was used in an attempt to obtain this information [14] .
Before the experimental results obtained with TDS will be interpreted, a careful consideration of the limitations of TDS in order to measure oxygen diffusivity in silver must be considered. Firstly, possible effects induced by the catalytic reaction are completely neglected. This is implicit to the technique as no reaction takes place during the measurement. This is a direct result of the fact that only one gas at a time is typically dosed. The second major limitation arises from the dynamic nature of temperature desorption spectroscopy. TDS is not an equilibrium measurement technique. It is, quite to the contrary, a technique by which the system is constantly driven from one extreme to another. This appears, at first glance, to be a step backwards in the sense that it provides no information under steady-state reaction conditions. This is, unfortunately, a limitation placed on the experimenter as the available measurement techniques for studying bulk diffusion are limited. Eichenauer et al. [15] and Outlaw et al. [16] studied oxygen diffusion in silver using steady-state diffusion measurement techniques. However, no consideration was made of the influence of catalyst morphology on the diffusion rate. The catalyst was, in almost every case, considered to be a well-defined solid whose composition and morphology do not vary as a result of treatment at elevated temperatures with a variety of gases. It will be seen, however, that comparisons between the TDS data obtained here and the data found by these authors may be made and yield a wealth of information about the dominant diffusion mechanism and the influence of morphology.
It is important to note that the method by which the TDS experiments in this study were conducted leads to the appearance of thermal desorption peaks at temperatures lower than the actual dosing temperature. This is possible because TDS under the applied conditions does not probe surface adsorbed species but bulk dissolved oxygen. The sample is exposed to a partial pressure of oxygen at elevated temperatures at which a quasi-equilibrium situation exists between rapid diffusion of adsorbed oxygen into the bulk and its segregation back to the surface from which it desorbs. Subsequent to oxygen treatment, the sample is rapidly quenched (10 seconds) to room temperature and evacuated simultaneously (2 minutes until 10 -8 mbar). The bulk dissolved oxygen species are essentially "frozen" in the silver lattice. Bulk dissolved oxygen can segregate to the surface in a subsequent TDS experiment via low resistance paths (e.g. along the 110 direction) leading to the observed desorption temperatures lower than the actual dosing temperature. Figure 3a shows a number of TD spectra for oxygen dosed at various pressures at 573 K. Figure 3b shows the TD spectra for desorption of oxygen dosed at various pressures at 973K. The dosing conditions used for the TDS in Figure 3a approach the ethylene epoxidation reaction conditions and those for TDS in Fig. 3b the formaldehyde synthesis conditions. Two desorption peaks are visible. The first is a broad, asymmetric signal centered at approximately 623 K. The second is a very weak peak which begins desorbing above 873 K. Previous studies have shown the first peak to be attributable to bulk-dissolved oxygen diffusing via an interstitial mechanism and is referred to as O β [6, 8, 12, 13] . The second peak is attributed to sub-surface oxygen which diffuses via an interstitialcy diffusion mechanism and is termed O γ  [6, 8, 12, 13] . Both desorption peaks are due to the desorption of bulkdissolved oxygen. Assumption of the existence of only surface adsorption would require multilayer adsorption which does not occur at elevated temperatures [5] [6] [7] 10, 11] . Assuming a completely (111) faceted silver sample with a sticking coefficient of 10 -7 would require 30 monolayers of oxygen to account for the amount of oxygen which desorbs from the 100 mbar dose made at 573K shown in Figure 3a . It is clear, therefore, that both the O β and O γ desorption peaks are due to the surface segregation and desorption of bulkdissolved oxygen.
Oxygen diffusion mechanisms
Evidence for the assignment of O β and O γ to sub-surface oxygen diffusing via different diffusion mechanisms can be found in the literature regarding oxygen diffusion in silver and silver inter-diffusion. Diffusion of oxygen in silver shows an Arrhenius temperature dependence. Eichenauer et al. [15] and Outlaw et. al [16] found there to be two distinct diffusion mechanisms present for oxygen diffusion in polycrystalline silver which are described by the following equations. 
K T
The diffusion of oxygen through the single crystal exhibits a higher activation energy of diffusion than for diffusion through the polycrystalline sample. This is a result of the absence of grain boundaries which act as low-resistance diffusion paths in the polycrystalline sample. Care must be taken when interpreting the diffusion of a gas through a solid. The diffusion coefficients obtained for polycrystalline samples are overall diffusion coefficients which represent diffusion through the crystalline volume as well as along defects, e.g. grain boundaries. Defect diffusion tends to be magnitudes of order higher than volume diffusion. Examples are the diffusion of carbon in iron or the creation of electrical conductivity in β-alumina as a result of the incorporation of a high Na + charge carrier concentration in the bulk. A strong diffusion anisotropy arises as the diffusing species follows the path of least resistance. The diffusion coefficients measured along grain-boundary defects or through the crystalline volume are, therefore, very different [17, 18] . Earlier work by Hoffman et al. [19] showed similar behavior for silver interdiffusion. In this case, radioactive, isotope labeled studies yielded the following results. (8) It is clear that, for the case of pure silver interdiffusion, more than one diffusion mechanism is present. What is even more interesting is the fact that the observed switch in diffusion mechanism found in both of these studies coincides exactly with the minimum oxygen desorption observed in Figures 3a  and 3b between O β and O γ desorption. It appears, therefore, that the observed desorption peaks arise from the diffusion and subsequent desorption of oxygen species diffusing via two different diffusion mechanisms. A scheme of the interstitial diffusion mechanism is shown in Figure 4a . In this case, O β atoms jump from interstitial site to interstitial site between the silver lattice atoms. This is the dominant diffusion mechanism for volume O β oxygen diffusion in silver for temperatures below 973 K. Figure 4b shows a scheme of the mechanism of interstitialcy diffusion in which O γ oxygen atoms substitute for silver lattice atoms. The interstitialcy diffusion process is also known as vacancy diffusion or substitutional diffusion [20, 21] . The radii of oxygen (single bond 0.74 A, double bond 0.62 A ) fits into the silver (hard sphere model 0.60 A) [22] after a slight expansion of the silver unit cell. This unit cell expansion has been observed both with reflection-electron microscopy [23] and in-situ X-ray diffraction [8] . The accumulation of stress in the silver lattice upon O γ oxygen incorporation ultimately results in failure and a reduction in the crystallite size [24] . This effect results in a dramatic decrease in the crystallite size as a function of time on stream. Figure 5 shows the results obtained from an SEM investigation of an electrolytic silver catalyst after various times on stream in a 10% oxygen atmosphere and after treatment in 100% flowing helium both with a total flow rate of 150 ml/min. It is clear Fig. 5 Comparison of the time-dependent variation of the particle size of an electrolytic silver catalyst treated in flowing helium with a silver catalyst treated in 10 vol% O 2 in He at 1023 K as determined from scanning electron micrographs. 1g of silver was used with a total gas flow rate of 150 ml/min in these reactor experiments.
that the reaction of gas-phase oxygen with the silver catalyst results in a significant decrease in the particle size. The variation in particle size shown is that of the secondary polycrystallites and is not the particle size of the primary crystallites which may be observed using X-ray diffraction [24] . The slight decrease in the particle size for the He treated sample likely from the incorporation of oxygen impurities found in the He stream which has a purity of 99.999%. Assuming a completely (111) facetted surface (0.001 m 2 /g) with a sticking coefficient of 10 -7 reveals that monolayer coverage would be attained for this sample after just 30 minutes in such a He stream. The effect of ppm levels of oxygen impurities is expected, therefore, to be quite substantial. The reference measurement in He clearly shows, however, that oxygen plays an active role in the massive recrystallization of the silver catalyst. Particle fragmentation and recrystallization has been observed for a number of high-temperature oxidation systems [25] . This effects was used by Friedorow and Wanke [26] , Ruckenstein and Malhotra [27] and Flynn and Wanke [28] to redisperse Al 2 O 3 supported Pt particles which had sintered after hightemperature treatment in hydrogen. These results are also in agreement with recent findings of Yang et al. who found that oxygen treatment at about 670 K leads to a disrupture of supported Ag particles to smaller subunits [29] . It thus can be concluded that temperature treatment in oxygen leads to particle size reduction and simultaneous surface faceting.
A silver sub-oxide is, therefore, formed as a result of the incorporation of oxygen into the silver bulk. The nature of the sub-oxide is a strong function of temperature as the oxygen atoms will locate themselves in interstitial sites at low temperatures (T<900 K) and will occupy silver lattice sites at more elevated temperatures (T>900 K). X-ray photoelectron spectroscopy studies have shown that the two different bulk species O β and O γ differentiate themselves electronically [12] . This implies that they are also different in chemical nature and thus exhibit different reactivities. It is important to remember that the diffusion of a gas through a solid requires (regardless of the diffusion mechanism involved) the formation and breaking of chemical bonds. The overwhelming majority of studies on solid-state diffusion focus on the determination of empirical relationships related to Fickian or Knudsen-type diffusion. This provides important kinetic information for those interested in using solids as a transport medium for some process. The information of most interest for the design engineer is the flux of the diffusing species as a function of a variety of parameters. The catalyst eventually attains an equilibrium of equimolar counterdiffusion during which oxygen is adsorbed, dissolves in the bulk via either interstitial or interstitialcy diffusion (or both, depending on temperature), and eventually segregates back to the surface where it may desorb or react. It is suggested that oxygen adsorption mainly occurs at Ag(110) surfaces due to the higher sticking coefficient relative to that for the Ag(111) surface. The sticking coefficient increases in the order (111) <10-7, (100) ~10-5, (110) ~10-3 [5, 12, 23, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . Oxygen adsorbed at, e.g. Ag(110) surfaces diffuses into the bulk via interstitial diffusion or octahedral hole jumping along the [110] direction. At high temperatures, the silver surface reconstructs to mainly form (111) surfaces. Segregation of oxygen to this surface can only occur via the interstitialcy diffusion mechanism by which O substitutes for Ag. This oxygen species, O γ has been shown to be the onl y oxygen-silver interaction species exhibiting covalent π-bonding characteristics to silver [12] . It is this π-bonding character which results in O γ being a strong Lewis base which is capable of directly dehydrogenating organic reactants without leading to complete oxidation. The actual catalytic reaction can only occur, in that moment when O γ has segregated to the uppermost layer of the silver catalyst at which it may react with the organic reactants present in the gas phase.
Equimolar counterdiffusion is an accepted process for the reaction of gaseous species in porous catalyst pellets [46] . The assumption of a catalytic reaction of sub-surface oxygen via equimolar counterdiffusion in silver differentiates itself from the classical model in that the reaction is limited to the phase interface formed at the outer surface of the semipermeable silver particle. Silver is only permeable for oxygen and hydrogen and not for the other organic molecules. The catalytic reaction proceeds only at the outer surface of the particle after segregation of oxygen to the (111) surface. The silver acts, in essence, as a substrate for the formation of active oxygen species, O α active in oxy-dehydrogenation and the Lewis base O γ active in dehydrogenation, which may then undergo reaction.
There is, therefore, a balance between purely thermallyinduced surface reconstruction and oxygen-induced surface reconstruction. The ability for a surface to undergo the latter is often limited by the kinetics of the silver mass-transfer which is primarily a function of the temperature. This balance between thermal and oxygen-induced restructuring explains the behaviour observed in the thermal desorption spectra shown in Figures 3a and 3b . It is important to note that the shape of the thermal-desorption spectra of O β and O are governed by the kinetics of the bulk diffusion of oxygen (the slowest step). The kinetics of bulk diffusion processes are many orders of magnitude slower than surface recombination or desorption. Typical pre-exponential factors for bulk diffusion are on the order of 10 . Surface recombination and desorption are, in contrast, on the order of 10 -11 -10 -13 . The observed variation in peak profile and desorption temperature cannot, therefore, be attributed to a second-order desorption of surface-bound, atomic oxygen.
The thermal-desorption spectra may be used to study the diffusivity of oxygen in the silver bulk. The formation of more closely-packed (111) surface structures (surface annealing) increasing above the Tammann temperature of silver (750K) results in an increased diffusion barrier and, thus, a subsequent increase in desorption temperature. This explains the observed behavior where the desorption maximum for O β decreases as a function of the dosing pressure. The % shift of the desorption maximum of O β and O γ are plotted as a function of the dosing pressure and temperature in Figures 6a and 6b respectively. The negligible shift of the O β maximum for doses made at 573 K indicates the absence of morphological changes occurring as a result of the TD pretreatment. The desorption maximum is, however, clearly a function of the dosing temperature and pressure for oxygen dosing at 773 K. A shift of maximum O β desorption rate to lower temperatures is an indication for oxygen induced surface roughening and bulk-reconstruction (lower diffusion inhibition). Dosing at 973 K shows a less pronounced shift in desorption temperature. The latter clearly shows the competing effects of thermal and oxygen-induced silver reconstruction. 773 K represents an optimum for oxygen-induced reconstruction. The thermal reconstruction dominates over oxygen-induced reconstruction at 973 K and reduces the extent of facetting caused by oxygen dosing. A higher oxygen potential is necessary to achieve the same degree of faceting at elevated temperatures as a low oxygen potential at lower temperatures. This explains why only a high-temperature, O γ , peak is visible for oxygen doses made at 0.01 mbar mbar at 973 K (Figure 3a) , whereas there clearly exists a lower temperature, O β , peak for dosing at the same pressure at 573 K (Figure 3a) . The temperature must be sufficiently high to allow for efficient mass transfer of silver so that the restructuring may take place. The Tammann temperature (750 K) represents the lower temperature limit for attaining this.
The argument that O γ is bulk oxygen diffusing via an interstitialcy mechanism is supported by the fact that the O γ desorption temperature does not shift as a function of temperature or pressure. Figure 6b shows there to be a maximum shift of -1.5% for dosing at 773 K. The trend observed in Figure 6b is likely due to the experimental error arising from the overlap of the O β and O γ peaks. In either case, the shift of O γ with dosing temperature and pressure is negligible in comparison to the shift of O β . Interstitialcy diffusion should not be a function of morphology as the local environment of bulk lattice atoms is identical, regardless of the crystallite orientation (for fcc structures). A comparison of equations 4 and 8 supports this argument. The activation energies of diffusion for both oxygen diffusion in silver and silver interdiffusion are identical at 46 kJ/mol for temperatures above 900 K. This is only possible in case when oxygen atoms substitute for silver lattice atoms. The jumping of silver and oxygen atoms become, energetically speaking, indistinguishable from one another. If the lattice is isotropic (as is the case for fcc silver) than the jump probability is no longer a function of the crystallite orientation. The desorption temperature of a species diffus-ing via interstitialcy diffusion is therefore not a function of the crystallite orientation.
The temperature and pressure regime under which O γ is formed is the same as that under which the formaldehyde synthesis reaction and the oxidative coupling of methane (OCM) takes place. This represents a unique situation in which the catalyst temperature is too high to result in the formation of a stable, stoichiometric oxide but the dominance of an interstitialcy diffusion mechanism results in the formation of a metastable silver sub-oxide. The oxygen species formed (O γ ) exhibits Lewis base properties as shown by electron spectroscopy and is, therefore, capable of dehydrogenating organic reactants. The stability and chemical composition of this O γ sub-oxide are sensitive functions of the gas-phase oxygen potential and the catalyst temperature.
Formaldehyde Synthesis
In the next paragraphs evidence will be summarized for differences in the catalytic behavior of the various oxygen species formed in and on silver [47, 48] . It has been mentioned that the formaldehyde synthesis reaction is typically carried out above 873 K. It was shown in the previous section that O γ is the dominant oxygen species in or on silver in this temperature regime. O γ may react with organic reactants such as methanol in that moment when the bulk-lattice O γ oxygen diffuses into the uppermost silver (111) layers. The participation of sub-surface O γ oxygen in the formaldehyde synthesis reaction has been suggested by a number of authors [23, 9, 11, 49] . It will be shown in this section that the activity of a silver catalyst for formaldehyde synthesis is a strong function of catalyst morphology. A selective catalyst for formaldehyde synthesis is formed under conditions under which O γ is present.
The temperature-dependence of selectivity Figure 7 shows a plot of the selectivity to formaldehyde and CO 2 as a function of temperature for reaction over the aged catalyst. The carbon balance agrees within 5% for all measurements. The selectivity to CO 2 goes through a maximum at 573 K and then decreases at higher temperatures. The reaction of methanol to oxi-dehydrogenation and complete oxidation products is favored in the region of 523-623 K. The highly reactive surface oxygen O α is believed to catalyze the oxi-dehydrogenation and complete oxidation reaction paths, and the Lewis base O γ the direct dehydrogenation of methanol to formaldehyde [6, 8, 11, 12, 14, 47, 48] . The different thermal stabilities of these species explains the high selectivity (70 %) to CO 2 in the region 523-623 K. This is just below the temperature region in which surface-bound atomic oxygen (O α ) desorbs in UHV experiments [4, 12, 23, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . It is, therefore, the reaction with O α which leads to the formation of complete oxidation and oxidehydrogenation products in this temperature regime. The selectivity to complete oxidation products decreases dramatically above the thermal desorption temperature of O α indicating the decreased participation of this species in reaction. Alternatively, the high selectivity to CO 2 at low temperatures may be explained by a strong adsorption of formaldehyde or a methoxy intermediate on the silver surface and, therefore, a high probability of its reaction with excess O α in its neighborhood.
The observed temperature dependence of the selectivity cannot be explained on the basis of a model of sequential reactions in which methanol is converted to formaldehyde and subsequently oxidized to CO 2 and water. Figure 7 shows improved selectivity to CH 2 O with increasing reaction temperature. Simultaneously, the methanol conversion increases with temperature to level off at ~90% [47 This is a rare case in which the selectivity to the thermodynamically unfavorable intermediate CH 2 O increases with increasing conversion. A reaction-in-series model in which formaldehyde is the intermediate product and CO 2 the final, complete oxidation product would predict exactly the opposite behavior. In this case, one would expect the CH 2 O selectivity to decrease with increasing methanol conversion and CO 2 selectivity. The observed variations in selectivity, therefore, are due to the changing participation of the two different reaction paths, oxy-dehydrogenation, mainly at lower temperatures, and direct dehydrogenation, mainly at higher temperatures, which results from the different thermal stability of the two proposed catalytically active oxygen species, O α and O γ . No catalyst deactivation was observed for reaction over aged Ag samples [47] This occurs for two reasons: Reaction over the aged silver catalyst below 650 K is enhanced by the increased surface defect concentration resulting from the hole formation during high-temperature reaction (T>923 K) [47] the holes represent highly defective surface sites which are active for oxygen adsorption. Enhanced oxygen adsorption capacity over silver samples after having undergone repeated cycles of oxidation and reduction has been observed by a number of authors [50] [51] [52] [53] . The observed absence of deactivation above 573K is a result of the oxygeninduced, high-temperature recrystallization of silverFehler! Textmarke nicht definiert. [47] . It was shown in Section 3.1. that silver recrystallization occurs with the formation of a large amount of the Lewis base O γ which is the active dehydrogenation species. The catalyst is only active over the entire temperature range after the high-temperature pretreatment has resulted in the formation of O γ in Ag (111). The lack of deactivation for a catalyst treated in the temperature range in which O γ is formed in Ag (111) surfaces provides strong evidence for the proposed model: the Lewis base O γ is the active, high-temperature oxygen species required for the direct dehydrogenation of methanol to formaldehyde.
The participation of O γ and O α in the catalytic reaction with methanol are shown in equations (10) and (11). The catalytic nature of O γ in the dehydrogenation is stressed in equation (10) . The silver catalyst is suggested to act a) as a source of electrons for the formation / activation of the Lewis base O γ , and b), it participates together with O γ as the actual catalytically active species in the reaction. O α reacts, on the other hand, in the oxy-dehydrogentation (eq. 11) stoichiometrically with methanol to formaldehyde and water. Silver is, in the case of oxy-dehydrogenation and total oxidation, the active catalyst and O α is a surface species reacting in a stoichiometric reaction over the silver catalyst.
Thermodynamics dictates that the more endothermic reaction will dominate at higher temperatures. This fact, combined with the high thermal stability of O γ , results in an optimum situation for the reaction of methanol with O γ to formaldehyde and hydrogen. An analysis of the H 2 /CH 2 O ratio as a function of temperature supports this (Fig. 8) . . It was, unfortunately, impossible to quantitatively measure the water concentration with the experimental apparatus used in these studies. Measuring the H 2 /CH 2 O ratio provides an estimate of the temperatures at which one of the mechanisms (Equation 10 or 11) prevails. The observed trend seems not to support the hypothesis that the dehydrogenation path exists only at elevated temperatures under which O γ is present. The fact that hydrogen is produced with nearly a 1:1 stoichiometry with formaldehyde at temperatures as low as 550K may instead indicate that the dehydrogenation mechanism is active at this relatively low temperature. The direct dehydrogenation of methanol to formaldehyde is, however, not the only possible source of hydrogen. The water-gas shift reaction (Equation 12 ) and the steam reforming reactions (Equation 13) may also produce hydrogen according to the following equations.
Water-Gas Shift (WGS)
H2O + CO ⇔ CO2 + H2 ∆H298 = -41.1 kJ/mol (12) Steam Reforming (STR)
CnHm + nH2O ⇔ nCO + (n+m/2)H2 ∆H298 = 146.6 kJ/mol (13) The likelihood of the STR reaction to occur at low temperatures (T<550 K) is improbable as the formation of CO is not observed and is thermodynamically unlikely at low temperatures (K eq,673 K = 6.18 x 10 -7 bar). Participation of the WGS reaction is thermodynamically plausible at low temperature (K eq,673 K = 11.92 bar) but requires the presence of CO in the feed. CO was experimentally not observed for temperatures below 800 K. The nearly 1:1 ratio of H 2 :CH 2 O observed at 573 K cannot, therefore, be attributed to these reactions. The strong decrease in the H 2 /CH 2 O ratio in Fig. 8 at 623 K is evidence for the strongly oxidative nature of the O α species formed at this temperature which favors oxidehydrogenation to CH 2 O and H 2 O and complete oxidation to CO 2 . The agreement between this temperature and the thermal desorption of the O α species [5] [6] [7] [8] [9] [10] [11] is excellent and supports the assignment of this TDS desorption peak to a surface-bound oxygen species which is formed directly from the gas phase. The unequivocal attribution of the decrease in the H 2 /CH 2 O ratio above 773 K to either an increase in the role played by the direct dehydrogenation or an increased consumption of H 2 by the WGS reaction is impossible as the both reactions may participate in the reaction network under these conditions. The increased selectivity to CH 2 O over CO 2 is shown in Fig. 7 and supports the hypothesis that the direct dehydrogenation of methanol to formaldehyde increases at higher temperatures. This trend cannot be explained by the STR reaction which dominates at high temperatures. It is, therefore, suggested that both the direct dehydrogenation as well as the oxi-dehydrogenation of methanol to formaldehyde are possible over the entire temperature range studied. But both reactions occur to different degrees depending on the temperatures, and therefore stability of the different oxygen species. The directdehydrogenation pathway dominates at higher temperatures resulting in a higher selectivity to formaldehyde over CO 2 for similar methanol conversions in agreement with literature [54] .
The Oxidative Coupling of Methane (OCM) as Test Reaction
A number of problems arise when using standard laboratory reactors (plug flow) to study the formaldehyde synthesis reaction. Among the most serious is the inability to measure the reaction kinetics. 100% oxygen conversions were nearly always obtained for reaction temperatures in excess of 573K for reaction over aged catalysts. This exceptionally high conversion renders a kinetic study of the silver-based formaldehyde synthesis reaction impossible. In addition, a number of heat transfer problems arise. The decision was made, therefore, to use the oxidative coupling of methane (OCM) reaction as a test reaction. This reaction occurs in a comparable temperature regime and is, like the formaldehyde synthesis reaction, essentially a dehydrogenation reaction. The slow reaction kinetics typical of this reaction enables one to perform a kinetic study using silver catalysts. Analogies may then be made between the results obtained with the OCM reaction and those from the formaldehyde synthesis reaction. Figure 9 shows an Arrhenius plot of the oxygen conversion obtained for reaction over a fresh and a used silver catalyst after being used in the OCM reaction. The Arrhenius plot for reaction over the fresh catalyst shows two linear regimes. This indicates either the presence of diffusion control or an intrinsic change in catalyst activity. The initially high activation energy of 457 kJ/mol in this temperature region over a fresh catalyst can be attributed to total oxidation which primarily occurs under these conditions. Above the inflection point a very low appararent activation energy of 67 kJ/mol O 2 was determined. This low value indicates that the catalyst undergoes structural changes as sintering and recrystallization, because the low conversions obtained in the OCM reaction exclude diffusion limitation. Cooling the sample and repeating the same reaction yields the second line shown in Figure 9 . The inflection point is no longer present and an apparent activation energy of 138 kJ/mol is observed. In addition, the fresh catalyst shows no catalytic activity below 750 K, but the aged catalyst is active from 700 K onward. This is conclusive evidence that the inflection point observed for reaction over a fresh catalyst is due to a restructuring of the catalyst and not to a switch from kinetic to diffusion control. One of the most critical pieces of information obtained in this study is found when comparing the apparent activation energy of reaction with that of bulk oxygen diffusion. The apparent activation energy for oxygen diffusion for a 100 mbar oxygen dose made at 973 K was shown to be 140 kJ/mol [14] . The fact that the apparent activation energy of diffusion is the same as that of reaction provides a strong argument in support of a reaction which is limited by the bulk diffusion of oxygen. Thus, it is suggested that the rate limiting step of the OCM reaction over Ag is the interstitialcy diffusion of bulk-dissolved O γ to Ag(111) surfaces, at which it rapidly reacts with CH 4 , and not the dehydrogenation of methane.
OCM reaction kinetics vs. oxygen diffusion kinetics
Fig. 10
The suggested mechanism of the heterogeneous part of the methane coupling reaction over a silver catalyst. Figure 10 shows a scheme of a possible reaction mechanism for the silver-catalyzed OCM reaction over silver. The OCM reaction results in a situation in which the silver surface remains crystalline. The adsorption and diffusion of oxygen through the bulk is, therefore, highly anisotropic. The oxygen is forced to adsorb on those crystal surfaces exhibiting the highest sticking coefficients (e.g. (110) 
Summary and Outlook
Silver is in a very dynamic equilibrium with the reacting gas atmosphere. Both the morphology and the chemical composition of the silver catalyst is determined by the gas-phase chemical potential. The interdependence of reaction rate and selectivity on silver morphology which is determined by the gas phase composition and reaction temperature explains the strong structure sensitivity of silver catalysts for partial oxidation reactions. These effects are particularly large in case of high-temperature reactions as the kinetics of the solidstate reactions involved are significantly higher than for low temperature partial oxidation reactions such as ethylene epoxidation. The formation of interstitially-located, bulk oxygen (O γ ) is necessary to the activation of the silver catalyst for dehydrogenation reactions. Surface-bound atomic oxygen (O α ) preferentially leads to the formation of complete oxidation products. Future development in the formaldehyde synthesis reaction lies in the ability to increase the formaldehyde to water ratio. This ratio is limited in the oxidative dehydrogenation technology by the large amounts of water which are produced. The increase of the ratio of O γ over O α on the silver surface would lead to an increase of direct dehydrogenation over oxy-dehydrogenation pathway. The observation of high concentrations of O γ after treating silver with NO may be a possible way to improve the direct dehydrogenation pathway [55] . The development of a non-oxidative technology for the direct dehydrogenation of methanol to formaldehyde would represent a new milestone in the formaldehyde synthesis reaction.
